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Compared to chondrites the accessible silicate reservoirs on Earth (i.e., mantle and continental crust) are depleted in Nb as
expressed in their relatively low Nb/Ta. Although it was postulated that the “missing Nb” may be stored within a hidden
reservoir in the mantle or within the Earth’s core, the role of the subcontinental lithospheric mantle in balancing the global
Nb budget remains unclear. Continental basalts are pooled melts that tap the compositional spectrum of the subcontinental
lithospheric mantle, and alkaline basalts from Central Germany are typical representatives of such melts. Here we present
high-precision concentration data of Zr, Hf, Nb, Ta, and Lu determined by isotope-dilution MC–ICPMS along with Hf iso-
tope compositions in a variety of intracontinental volcanic rocks from diﬀerent locations in Central Germany. These rocks
display Nb/Ta ratios (15.0–19.1) that still lie below the chondritic value (19.9 ± 0.6) but are distinctly higher than in
ocean-island basalts (15–16) that share similarly enriched mantle sources. They are also higher than Nb/Ta in the continental
crust (12–13) and in the bulk-silicate Earth (BSE: 14), and therefore imply that the subcontinental lithospheric mantle also
has high Nb/Ta and could potentially balance the Nb deﬁcit observed in most terrestrial silicate reservoirs.
Trace element modelling indicates that the HFSE composition of the continental basalts cannot be explained by simple
melting of asthenospheric garnet or spinel peridotite sources, but requires the presence of metasomatised mantle domains that
have been re-enriched by low-degree melts. Positively correlated Nb/Ta and Lu/Hf along with low Zr/Nb and Zr/Sm provide
strong evidence that these low-degree melts may have a carbonatitic aﬃnity and that the slight Nb-excess observed in conti-
nental basalts results primarily from carbonatite assimilation within the subcontinental lithospheric mantle. This is consistent
with the evidence for carbonatite metasomatism found in xenoliths from Central Germany. Hafnium isotope modelling indi-
cates that carbonatite metasomatism occurred long before the onset of Cenozoic magmatism (>100 Ma).
Our results suggest that the lithospheric mantle may host some of the “missing Nb”, but high-Nb/Ta domains are likely
restricted to regions that have been aﬀected by carbonatite metasomatism. Although Nb concentrations can be extremely high
in carbonatites, such domains are probably a more local phenomenon and volumetrically too small to account as a whole for
the global Nb deﬁcit. Model calculations, however, indicate, that up to 30% of the “missing Nb” may be hosted in the sub-
continental lithospheric mantle. The Earth’s core or any other hidden reservoir in the deep mantle remains signiﬁcant in bal-
ancing the global Nb budget, but their role may be less important than previously thought.
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Subchondritic Nb/Ta (<19.9) in virtually all accessible
silicate Earth reservoirs (i.e., mantle and continental crust),
determined by high-precision high-ﬁeld strength element
(HFSE) concentration measurements, show that the silicate
portion of the Earth is depleted in Nb relative to chondrites
(Barth et al., 2000; Rudnick et al., 2000; Mu¨nker et al.,
2003; Weyer et al., 2003; Pfa¨nder et al., 2007; Willbold
et al., 2009). Various models have been proposed to explain
this so called “Nb-paradox” and they include hidden reser-
voirs of formerly subducted material in the silicate Earth
(Barth et al., 2000; Rudnick et al., 2000; Nebel et al.,
2010) or Nb fractionation into the metal core during or
shortly after Earth’s core formation (Wade and Wood,
2001; Jochum et al., 2002; Mu¨nker et al., 2003; Mann
et al., 2009). Niobium becomes slightly siderophile at high
pressure (Wade and Wood, 2001) and thus the core is a po-
tential reservoir for the missing Nb. Independent of which
of these models is favoured, only little attention was paid
to the HFSE budget of the subcontinental lithosphere,
which may also play a role in balancing the global Nb bud-
get. Evidence for high-Nb/Ta domains in the subcontinen-
tal lithospheric mantle (SCLM) comes from conventional
trace element measurements of rutile-bearing eclogite and
peridotite xenoliths, in which apparently elevated Nb/Ta
may result from metasomatism within the lithospheric man-
tle (Ionov et al., 1993, 2002; Kalfoun et al., 2002; Aulbach
et al., 2008).
Intracontinental volcanic rocks are important for study-
ing the geochemical composition of the subcontinental
lithospheric mantle and the underlying asthenosphere.
Although continental basalt-hosted xenoliths provide direct
petrological and geochemical information on the composi-
tion of the lithospheric mantle, this information is of very
local signiﬁcance and in most cases likely not directly linked
to the melting region. In contrast, the volcanic rocks them-
selves, although potentially modiﬁed by post-melting pro-
cesses during ascend, are pooled melts and thus provide a
more robust information on the melting region and hence,
indirectly, on average source compositions within the
asthenosphere and lithosphere. This study presents high-
precision HFSE and Lu concentration data along with Hf
isotope compositions of continental basalts from the Rho¨n,
Eifel and Vogelsberg regions in Central Germany. The ori-
gin of these mostly primitive continental volcanic rocks is
commonly attributed to thermal anomalies in the astheno-
spheric mantle beneath Central Europe (Wilson and Dow-
nes, 1992; Hoernle et al., 1995; Goes et al., 1999; Wedepohl
and Baumann, 1999; Ritter et al., 2001; Lustrino and Wil-
son, 2007) with a geochemical signature resembling that of
ocean island basalts (Wo¨rner et al., 1986; Hegner et al.,
1995; Jung, 1995; Jung and Masberg, 1998; Jung and Hoer-
nes, 2000; Blusztajn and Hegner, 2002; Jung et al., 2005;
Lustrino and Wilson, 2007). Continental basalts and their
oceanic counterparts are therefore expected to have similar
Zr/Hf and Nb/Ta, although crustal contamination can be
important in some areas (Jung and Masberg, 1998; Jung
and Hoernes, 2000; Bogaard and Wo¨rner, 2003; Haase
et al., 2004; Jung et al., 2006). The HFSE, Lu/Hf, and Hfisotope compositions of oceanic basalts are fairly well
known (Pfa¨nder et al., 2007 and references therein). Any
resolvable deviation in the HFSE budget between oceanic
and continental basalts therefore constrains the processes
that aﬀected the composition of primary melts within the
subcontinental lithospheric mantle and overlying crust
and hence provides insights into the geochemical composi-
tion and evolution of the subcontinental lithospheric man-
tle over time. The high-precision data presented here also
resolve the contributions of various asthenospheric and
lithospheric mantle sources and constrain the roles of meta-
somatism and assimilation processes within the lithospheric
mantle and overlying crust.
2. GEOLOGICAL FRAMEWORK AND SAMPLES
Volcanic activity in the Central European Volcanic
Province (CEVP) took mostly place in the Miocene. In
Central Germany, volcanic ediﬁces from West to East in-
clude the Eifel, Siebengebirge, Westerwald, Vogelsberg,
Hessian Depression, Rho¨n, Heldburg and Oberpfalz areas
(Fig. 1), where predominantly basanites, alkali olivine bas-
alts, olivine nephelinites, melilitites and their fractionation
products erupted. In the Hessian Depression and the
Vogelsberg area, olivine-tholeiites and quartz-tholeiites oc-
cur also. To the South of these large volcanic ediﬁces, the
volcanic region of Southern Germany with the Kaiserstuhl,
Urach and Hegau volcanic ﬁelds produced more undersat-
urated, bimodal melilititic–phonolitic suites. K/Ar ages
indicate volcanic activity at around 18–10 Ma in the
Vogelsberg region (Lippolt, 1982), which is the largest
European volcanic ediﬁce. More recent 40Ar/39Ar data con-
strain the age of the volcanic activity in the Vogelsberg to c.
17 Ma (Bogaard and Wo¨rner, 2003). In the Eifel, Tertiary
volcanic activity is recorded between 44 and 35 Ma and
around 25 Ma (Fekiacova et al., 2003) and in the Rho¨n area
from 26 to 11 Ma with a major phase between 22 and
18 Ma (Lippolt, 1982). After volcanism terminated about
5 Ma ago, late Quaternary recurrence was restricted to
the Eifel region between 650,000 and 10,800 years BP (Lip-
polt et al., 1990).
Based on geochemical data and seismic tomography, the
magmatic activity in Europe is mostly attributed to litho-
spheric extension and asthenospheric upwelling in the
upper part of the mantle, expressed by low p-wave velocity
zones that locally extend to depths of 400 km beneath the
Eifel and Massif Central (Granet et al., 1995; Hoernle et al.,
1995; Goes et al., 1999; Grunewald et al., 2001; Ritter et al.,
2001; Wilson and Patterson, 2001; Keyser et al., 2002; Lus-
trino and Wilson, 2007). Goes et al. (1999) have postulated
that several small columnar thermal structures extend to
upper mantle levels from a large-scale thermal anomaly in
the lower mantle beneath Central Europe, suggesting that
European intraplate volcanism locally taps lower mantle re-
gions. On the basis of noble gas compositions of ultramaﬁc
xenoliths from alkaline volcanic rocks from the Pannonian
basin and the Eifel, Buikin et al. (2005) inferred the pres-
ence of fairly undegassed, possibly deep mantle components
in European intraplate volcanic rocks, consistent with the
tomographic ﬁndings. Trace element and Nd–Sr–Pb
Fig. 1. Location of Cenozoic volcanic centres in Central Europe (modiﬁed from Wedepohl et al., 1994). Numbers denote K–Ar ages from
Lippolt (1982).
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resemble those of ocean-island basalts (OIB). They are en-
riched in incompatible trace elements, have intermediate
Nd–Sr–Pb isotope compositions similar to FOZO (see com-
pilation of Lustrino and Wilson, 2007; FOZO: focal zone,
see Stracke et al., 2005) and are commonly suggested to
be of asthenospheric origin with minor lithospheric contri-
butions (Wo¨rner et al., 1986; Blusztajn and Hart, 1989;
Hegner et al., 1995; Jung and Masberg, 1998; Wedepohl
and Baumann, 1999; Jung and Hoernes, 2000; Bogaard
and Wo¨rner, 2003; Haase et al., 2004; Jung et al., 2006).
Although large scale decompression melting of astheno-
spheric mantle is required to produce the voluminous
occurrences of Cenozoic volcanic rocks in Central Ger-
many (Jung et al., 2006), the role of the subcontinental lith-
osphere in the petrogenesis of these lavas is an ongoing
matter of debate. For example, negative anomalies of Rb,
K and partly Ba in mantle-normalised trace element dia-
grams observed in some lavas (e.g. from the Eifel, Vogels-
berg and Rho¨n areas) have been interpreted as a
lithospheric signature as they indicate the presence of resid-
ual hydrous phases such as phlogopite and amphibole (K-
richterite) in the melt source region (Bogaard and Wo¨rner,
2003; Jung et al., 2006). These phases are stable in the rel-
atively cold lithosphere up to pressures of 6.5 GPa at amaximum temperature of 1100 C (Mengel and Green,
1986; Konzett and Ulmer, 1999), but not in a hot thermal
plume (Class and Goldstein, 1997). For the melilitites of
Southern Germany, a predominantly lithospheric origin
has been proposed on the basis of prominent negative K
and Rb anomalies as well as prevailing unradiogenic Os iso-
tope compositions (Hegner et al., 1995; Blusztajn and Heg-
ner, 2002). Therefore, a two stage mechanism involving
primary melting in the asthenospheric mantle followed by
subsequent melting of hydrated amphibole/phlogopite
bearing metasomatised lithospheric mantle appears likely
for most of the lavas of the CEVP (Wilson and Downes,
1992; Jung et al., 2005, 2011; Lustrino and Wilson, 2007).
Samples analysed during this study are from the Eifel,
Rho¨n and Vogelsberg areas. Major- and trace element, as
well as Nd–Sr and Os isotope data have been published pre-
viously (Jung and Masberg, 1998; Jung and Hoernes, 2000;
Jung et al., 2005, 2006, 2011; see data compilation in the
Electronic Annex). Rocks from the Eifel and Vogelsberg re-
gions are basanites and nephelinites with MgO from 11.2 to
16.3 wt.% and Ni contents from 213 to 531 ppm (Jung and
Masberg, 1998; Jung et al., 2006). The Vogelsberg samples
also comprise olivine- and quartz-tholeiites with MgO from
7.4 to 10.1 wt.% and Ni contents from 88 to 230 ppm (Jung
and Masberg, 1998). Samples from the Rho¨n comprise
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blende-basalts that range in MgO from 8.6 to 12.3 wt.%
with Ni contents from 83 to 447 ppm (Jung and Hoernes,
2000). Basanites and nephelinites from all regions mostly
represent near primary melts with some samples that under-
went minor fractionation of olivine and clinopyroxene,
whereas the tholeiites from the Vogelsberg are more
evolved and crystallized olivine, clinopyroxene and minor
plagioclase prior to eruption (Jung and Masberg, 1998;
Bogaard and Wo¨rner, 2003).
3. ANALYTICAL METHODS
HFSE and Lu concentrations were determined by iso-
tope-dilution (except Nb) using the Micromass Isoprobe
multi-collector ICP-MS (inductively coupled plasma mass-
spectrometer) at the University of Mu¨nster. HFSE and
Lu separation and puriﬁcation followed the procedures de-
scribed in Mu¨nker et al. (2001) and Weyer et al. (2002).
Sample powders prepared in agate mills were spiked with
a mixed 180Ta–180Hf–176Lu–94Zr tracer prior to digestion
in concentrated HF–HNO3 on a hot plate (120 C) for
several days. After drying down three times with concen-
trated HNO3 containing some trace HF (<0.05 M), and
complete dissolution in hot 6 M HCl (containing trace
HF), the evaporated chloride residues were redissolved in
3 M HCl for column separation on Ln-Spec and anion-ex-
change resins.
Niobium was determined by internal standardization
from measured 93Nb/90Zr ratios in an aliquot taken after
HFSE separation on a Ln-Spec resin column. Calibration
of the Zr/Nb ratio was done by measuring diﬀerent Zr/Nb
standards prepared from pure (>99.9%) Ames metal. The
external reproducibility is better than ±1% (2r) for Ta,
Zr, Lu and Hf concentrations, and ±4% for Nb concentra-
tions, external reproducibility for Nb/Ta and Zr/Hf ratios
is better than ±4% and ±0.6% (2r), respectively. Hafnium
isotope ratio measurements were normalised to
179Hf/177Hf = 0.7325 and 176Hf/177Hf data are given rela-
tive to a JMC 475 value of 0.282160 (Blichert-Toft et al.,
1997; for details see also Mu¨nker et al., 2001). Repeated
measurements of the Ames metal Hf standard (isotopically
indistinguishable from JMC 475) resulted in
176Hf/177Hf = 0.282160 ± 0.000018 (2r, n = 86) for concen-
trations between 24 and 80 ppb. Results of repeated mea-
surements of reference materials BHVO-1 and BHVO-2,
run during the course of our measurements are given in
Pfa¨nder et al. (2007). Total procedural blanks were typi-
cally <5 ng for Zr, <100 pg for Ta, <50 pg for Hf, <20 pg
for Nb, and <10 pg for Lu.
4. RESULTS
Niobium, Ta, Zr, Hf and Lu concentrations as well as
Zr/Hf and Nb/Ta ratios are given in Table 1. Zr/Hf for
all continental basalts range from 31.4 to 45.7 (Fig. 2a)
and are, with the exception of two tholeiites from the
Vogelsberg, higher than the chondritic value (34.3 ± 0.3;
Mu¨nker et al., 2003). Nb/Ta in all samples range from
15.0 to 19.1 (Fig. 2b) and are consistently subchondritic(<19.9 ± 0.6; Mu¨nker et al., 2003), but higher than in the
bulk-silicate Earth (BSE; Nb/Ta = 14.0 ± 0.3; Mu¨nker
et al., 2003) and along with some modern island arc lavas
(Ko¨nig and Schuth, 2011) among the highest values mea-
sured so far in young terrestrial samples by high-precision
(isotope dilution) methods. Compared to OIB and MORB,
the continental basalts share an identical range in Zr/Hf,
but Nb/Ta ratios tend to be higher (Fig. 2). Such elevated
Nb/Ta, although at a larger scatter, have been also ob-
served in volcanic rocks from other continental- and rift-re-
lated settings, e.g. in lavas from the East African Rift
system (Furman and Graham, 1999) or in Mesozoic basalts
from Northern China (Liu et al., 2008). In terms of Nb/Ta
vs. Zr/Hf the samples deﬁne a slightly positive correlation
that constrains the upper part of the terrestrial silicate frac-
tionation trend (Fig. 2; see also Mu¨nker et al., 2003). Sys-
tematic diﬀerences in Zr/Hf and Nb/Ta between the
diﬀerent suites of samples are not observed and each suite
covers nearly the whole range measured for both ratios dur-
ing this study. Exceptions are samples from the Vogelsberg,
where the variation in Nb/Ta is much larger for the basa-
nites and nephelinites than for the tholeiites, the opposite
of what is observed for Zr/Hf. This indicates that the pro-
cesses that fractionated Zr/Hf during tholeiite genesis did
not markedly aﬀect Nb/Ta ratios.
In the Rho¨n samples, elevated Nb/Ta tend to corre-
spond to elevated Ni and MgO contents (Fig. 3), i.e. the
most primitive rocks display the highest Nb/Ta ratios.
Basanites and nephelinites from the Vogelsberg span the
whole range in Nb/Ta observed, but at a very restricted
range of relatively high MgO and Ni contents. This suggests
that variations in Nb/Ta are likely source controlled in
these samples, whereas for the Rho¨n suite some Nb/Ta var-
iation may be related to fractionation processes that also af-
fect Ni and MgO contents.
Zr/Nb in continental basalts (2.22–4.22) overlap with
the lower range of some HIMU-OIBs, but are generally
lower than in other OIBs (Fig. 4), and are far below the
chondritic value (13.5 ± 0.6; Mu¨nker et al., 2003). Along
with elevated Nb/Ta at overall higher Nb and Ta concen-
trations if compared to OIBs (average Nb and Ta concen-
trations in continental basalts and OIBs are 78.0 ppm vs.
60.2 ppm and 4.55 ppm vs. 3.75 ppm, respectively; OIB
data from Pfa¨nder et al., 2007), this indicates a slight Nb-
excess in continental basalts relative to OIBs (assuming sim-
ilar degrees of partial melting that will strongly aﬀect Zr/Nb
ratios; see calculated melting lines in Fig. 4). Basanites and
nephelinites from the Rho¨n area deﬁne a negative correla-
tion in terms of Nb/Ta vs. Zr/Nb (Fig. 4) that most likely
reﬂects diﬀerent degrees of partial melting. Samples from
the Eifel and Vogelsberg do not clearly correlate in this dia-
gram, but plot close to the Rho¨n sample array with the
exception of one Eifel and two Vogelsberg samples having
distinctly lower Nb/Ta at a given Zr/Nb (Fig. 4). The
Vogelsberg tholeiites have higher Zr/Nb (2.84–6.32) than
basanites and nephelinites from this region, which are not
correlated with Nb/Ta.
Lu/Hf and initial eHf values in the continental basalts
(0.035–0.070 and +5.0 to +11.1 in basanites and nepheli-
nites, 0.059–0.084 and +2.6 to +7.2 in Vogelsberg tholei-
Table 1
HFSE and Lu concentrations (ppm) as determined by isotope dilution (except Nb) and Lu–Hf isotope composition of intraplate basalts from Central Germany.
Sample Type Age MgO (wt.%) Lu Zr Nb Hf Ta Zr/Hf Nb/Ta 176Lu/177Hf 176Hf/177Hf ± 2r (176Hf/177Hf)i
Rho¨n
21 Neph 20 10.08 0.354 378 112 8.78 6.60 43.0 17.0 0.0057 0.282944 ± 0.000007 0.282941
1a Bas 20 11.21 0.252 253 78.7 6.06 4.54 41.7 17.3 0.0059 0.283001 ± 0.000006 0.282998
1a (Dupl.) 0.251 6.06 4.53
1c Bas 20 10.34 0.254 257 70.3 6.29 4.30 40.8 16.4 0.0057 0.282969 ± 0.000009 0.282967
2 AOB 20 9.65 0.248 182 62.3 4.36 3.39 41.8 18.4 0.0081 0.282937 ± 0.000013 0.282934
5 Bas 20 13.87 0.265 186 82.6 4.29 4.40 43.2 18.8 0.0087 0.283000 ± 0.000010 0.282997
5 (Dupl.) 0.263 4.28 4.37
6 AOB 20 9.69 0.284 221 68.0 5.05 3.94 43.7 17.2 0.0080 0.282937 ± 0.000009 0.282934
12 Neph 20 8.56 0.240 224 53.1 5.94 3.31 37.8 16.1 0.0057 0.282960 ± 0.000009 0.282958
10 Bas 20 8.86 0.281 280 71.1 6.83 4.31 41.0 16.5 0.0058 0.282967 ± 0.000007 0.282965
7 Hbl-Bas. 20 8.73 0.302 298 75.8 7.34 4.63 40.6 16.4 0.0058 0.283006 ± 0.000009 0.283004
18 Hbl-Bas 20 10.14 0.243 228 60.2 5.90 3.75 38.6 16.1 0.0058 0.282970 ± 0.000009 0.282967
19 Bas 20 11.67 0.252 163 72.2 3.96 3.84 41.2 18.8 0.0090 0.282962 ± 0.000007 0.282958
22 Bas 20 12.33 0.223 167 73.7 4.10 4.13 40.8 17.9 0.0077 0.282971 ± 0.000007 0.282968
Vogelsberg
VB-10 Bas 17 13.65 0.211 197 79.0 4.31 4.35 45.7 18.1 0.0069 0.282929 ± 0.000017 0.282927
VB-11 Bas 17 11.18 0.228 229 74.2 5.42 4.44 42.3 16.7 0.0060 0.283016 ± 0.000013 0.283014
VB-20 Neph 17 14.56 0.246 196 88.3 4.60 4.63 42.7 19.1 0.0076 0.282974 ± 0.000009 0.282971
VB-23 Neph 17 13.20 0.268 230 103 5.50 5.74 41.8 18.0 0.0069 0.282976 ± 0.000010 0.282973
VB-28 Neph 17 14.13 0.221 231 81.7 6.00 5.37 38.5 15.2 0.0052 0.282905 ± 0.000011 0.282903
VB-31 Neph 17 13.33 0.220 241 85.7 6.28 5.69 38.3 15.0 0.0050 0.282924 ± 0.000011 0.282923
VB-13 Ol-Th 17 8.10 0.265 140 40.3 3.52 2.29 39.8 17.6 0.0107 0.282970 ± 0.000017 0.282966
VB-14 Ol-Th 17 8.40 0.266 139 38.6 3.49 2.29 39.7 16.8 0.0108 0.282969 ± 0.000016 0.282966
VB-18 Ol-Th 17 10.09 0.249 132 46.5 4.20 2.71 31.4 17.1 0.0084 0.282857 ± 0.000013 0.282854
VB-25A Ol-Th 17 7.93 0.243 135 29.5 3.63 1.78 37.1 16.6 0.0095 0.282842 ± 0.000011 0.282839
VB-24A Qz-Th 17 7.96 0.242 130 28.5 2.88 1.72 45.1 16.6 0.0119 0.282909 ± 0.000016 0.282906
VB-25B Qz-Th 17 7.82 0.254 134 28.7 3.62 1.76 37.1 16.3 0.0100 0.282847 ± 0.000013 0.282844
VB-32 Qz-Th 17 7.78 0.227 101 24.6 2.96 1.37 34.2 17.9 0.0109 0.282902 ± 0.000013 0.282899
VB-8 Qz-Th 17 7.42 0.268 164 24.9 4.12 1.44 39.8 17.3 0.0092 0.282837 ± 0.000014 0.282834
Eifel
HEJ 5 Neph 25 13.22 0.348 229 100 5.63 6.48 40.7 15.5 0.0088 0.283060 ± 0.000013 0.283056
HEJ 13 Bas 25 14.39 0.248 165 55.6 4.16 3.22 39.7 17.3 0.0085 0.283022 ± 0.000010 0.283018
HEJ 26 Bas 25 13.94 0.345 231 90.9 5.17 5.12 44.7 17.8 0.0095 0.283042 ± 0.000012 0.283038
HEJ 31 Neph 25 16.30 0.324 225 87.6 5.01 5.13 45.0 17.1 0.0092 0.282991 ± 0.000010 0.282987
HEJ 59 Neph 25 11.65 0.335 207 85.9 4.78 4.59 43.4 18.7 0.0099 0.283063 ± 0.000013 0.283058
HEJ 68 Bas 25 14.00 0.262 171 60.0 4.22 3.37 40.6 17.8 0.0088 0.283075 ± 0.000010 0.283070
Ages and MgO contents are taken from Jung and Masberg (1998), Jung and Hoernes (2000), and Jung et al. (2006) and from references therein. Lu, Hf, 176Lu/177Hf and 176Hf/177Hf of Rho¨n and
Vogelsberg samples are from Jung et al. (2005) and Jung et al. (2011). Errors represent in-run precision. Lu-Hf decay constant used: 1.865  1011 a1 (Scherer et al., 2001).
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Fig. 2. Nb/Ta vs. Zr/Hf in continental basalts from Central
Germany. (a) Zr/Hf ratios are similar to values obtained in OIBs,
whereas Nb/Ta ratios tend to be higher. Also shown are HFSE
ratios measured in MORB samples (Bu¨chl et al., 2002). CC = con-
tinental crust (Barth et al., 2000), BSE = bulk silicate Earth
(Mu¨nker et al., 2003). (b) No diﬀerences are observed in Nb/Ta
and Zr/Hf between diﬀerent locations, but the variation in Nb/Ta
in Vogelsberg tholeiites is markedly lower than in Vogelsberg
basanites and nephelinites, which contrasts with the variations in
Zr/Hf (B&N = Basanites and Nephelinites, T = Tholeiites; OIB
data from Pfa¨nder et al., 2007).
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OIBs (Fig. 5). Exceptions are the Vogelsberg tholeiites that
tend to have higher Lu/Hf but exhibit distinctly lower ini-
tial eHf. The highest initial eHf values are observed in Eifel
samples (+11.1 to +8.1), intermediate values in Rho¨n sam-
ples (+8.7 to +6.2) and intermediate to low values in
Vogelsberg samples (+7.5 to +5.0; Fig. 5b). In terms of
eHf vs. eNd, all investigated samples plot slightly below the
mantle array, and close to the composition of HIMU OIBs
(Fig. 6; except Vogelsberg tholeiites). For the Vogelsberg
basanites and nephelinites, eHf and eNd tend to be negatively
correlated. With respect to Lu/Hf, samples from the
Vogelsberg and the Eifel form distinct groups with higher
ratios in the Eifel (>0.055) compared to the Vogelsberg
samples (<0.055). Samples from the Rho¨n plot in-between,
but can be separated into two groups, one with lower Lu/
Hf and Nb/Ta, and one with higher Lu/Hf and Nb/Ta
(Fig. 5a). Elevated Nb/Ta therefore seem to be associated
with elevated Lu/Hf in most basanites and nephelinites,
but not in Vogelsberg tholeiites. This is particularly evidentfrom the highly correlated linear relationship between Nb/
Ta and Lu/Hf in the Vogelsberg basanites and nephelinites
(Fig. 5a). No distinct correlations between Nb/Ta and eHf
are observed, but in general, elevated eHf values seem to
correspond to elevated Nb/Ta in basanites and nephelinites
from the Vogelsberg and Eifel regions.
Relative to the investigated basanites and nephelinites,
the Vogelsberg tholeiites show fairly diﬀerent HFSE and
trace element systematics. Unlike Nb/Ta and Nb/La that
are within the range observed for basanites and nepheli-
nites, Nb concentrations, Nb/Lu and La/Yb along with ini-
tial eHf values are distinctly lower, whereas Lu/Hf ratios
tend to be higher (Fig. 5). This is consistent with previous
suggestions, that the Vogelsberg tholeiites were derived
from more depleted mantle sources at higher degrees of
partial melting than the alkaline Vogelsberg rocks (Bogaard
and Wo¨rner, 2003). The diﬀerent Lu/Hf ratios may also re-
ﬂect diﬀerent melting depths (i.e. spinel vs. garnet stability
ﬁelds).
5. DISCUSSION
5.1. Fractional crystallisation and crustal assimilation
Fractional crystallisation and concurrent crustal assimi-
lation are post melting processes that may obliterate pri-
mary magma compositions, and thus may hamper a
straightforward interpretation of trace element data with
respect to the nature and composition of the melt source re-
gion (e.g. DePaolo, 1981; Spera and Bohrson, 2001). Eval-
uation of these processes is thus required before conclusions
on the origin and source of basaltic magmas can be drawn
from trace element data.
5.1.1. Eﬀect of fractional crystallisation on Nb/Ta and Zr/Hf
Basanites and nephelinites from the Rho¨n, Vogelsberg
and Eifel volcanic ﬁelds represent near primary melts that
underwent only limited crystal fractionation (Jung and
Masberg, 1998; Jung and Hoernes, 2000; Bogaard and
Wo¨rner, 2003; Jung et al., 2006). In contrast, the alkali-
olivine basalts from the Rho¨n and the olivine- and
quartz-tholeiites from the Vogelsberg fractionated clinopy-
roxene + olivine + amphibole (alkali basalts), olivine +
orthopyroxene (tholeiites), and partly plagioclase (qtz-
tholeiites) (Jung and Masberg, 1998; Jung and Hoernes,
2000; Bogaard and Wo¨rner, 2003). The alkaline basalts
from the Vogelsberg also fractionated Fe–Ti oxides as is
evident from decreasing TiO2 with decreasing MgO. In
Fig. 3, Nb/Ta and Zr/Hf are plotted against MgO and Ni
concentrations. The most primitive samples (MgO
>12 wt.%, Ni >350 ppm) tend to have the highest Nb/Ta
and Zr/Hf ratios, although two samples from the Vogels-
berg plot at lower Nb/Ta for given Ni concentrations and
samples from the Eifel scatter. In general, however, inter-
preting the positive correlations between Nb/Ta and Ni
and MgO observed in the Rho¨n samples (Fig. 3b and d)
as fractionation trends would require a fractionating assem-
blage with a bulk DNb/Ta >1. Olivine and orthopyroxene do
not markedly shift Nb/Ta during crystallisation due to ex-
tremely low partition coeﬃcients for both elements (see
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from most published partitioning data (as is the case for Zr/
Hf, see Electronic Annex) and thus will produce melts with
higher Nb concentrations and higher Nb/Ta as well asZr/Hf during crystallisation. The same eﬀect on Nb/Ta,
but at decreasing Nb concentrations, will be caused by
the fractionation of Ti-bearing minerals (rutile, sphene,
ilmenite, Ti-magnetite) that also have DNb/Ta <1 in maﬁc
systems but absolute values for DNb and DTa are 1
(Green and Pearson, 1987; Foley et al., 2000; Schmidt
et al., 2004; Klemme et al., 2005; Xiong et al., 2005; see
Electronic Annex). Decreasing Nb/Ta with decreasing
MgO and Ni concentrations (Fig. 3b and d) along with
increasing TiO2 (that rule out fractionation of Ti-bearing
phases; not shown) can therefore only be explained by crys-
tallisation processes if low-Mg amphibole having DNb/Ta
>1 (Tiepolo et al., 2000) dominates the fractionating assem-
blage along with olivine (and possibly clinopyroxene). Cal-
culated DNb/Ta ratios of amphibole phenocrysts from the
Rho¨n and Eifel areas are >1 (using their Mg# and Ti con-
tents as given in Jung and Hoernes (2000) and Jung et al.
(2006), and the algorithm of Tiepolo et al. (2000), which
in principle supports this assumption. Scandium is compat-
ible in amphibole and clinopyroxene in basanitic melts
(Adam and Green, 2006). In the Rho¨n samples, Sc concen-
trations ﬁrst increase with decreasing MgO and then
strongly decrease from 10 wt.% MgO downwards. In con-
trast, Sc contents in basanites and nephelinites from the Ei-
fel and Vogelsberg consistently increase with decreasing
MgO. Amphibole fractionation, likely following olivine, is
therefore restricted to the most evolved basanites and
nephelinites from the Rho¨n area, and may have slightly
lowered Nb/Ta in these samples. The occurrence of
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Fig. 5. Nb/Ta vs. Lu/Hf and eHf(t) in continental basalts. (a)
Elevated Nb/Ta at elevated Lu/Hf (except for the Vogelsberg
tholeiites and not distinct for the Eifel samples) can be explained by
carbonatite assimilation in the lithospheric mantle (symbols as
above, details see text). Also shown is a calculated mixing line
between the sample with the lowest Lu/Hf and Nb/Ta (VB31) and
a model carbonatite (composition see Electronic Annex; numbers
denote degree of carbonatite assimilation in percent). (b) In the
Vogelsberg and most Eifel samples, Nb/Ta is also positively
correlated with eHf(t) values. Also shown are compositions of
typical HIMU basalts from Rurutu and Tubuai (grey ﬁeld, darker
regions correspond to higher sample densities; data from Pfa¨nder
et al., 2007). Samples termed “Rurutu young” originated from the
remelting of metasomatised oceanic lithosphere (Chauvel et al.,
1997) that had no eﬀect on Nb/Ta, in marked contrast to
metasomatism of the continental lithosphere (symbols as before).
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Fig. 6. eHf vs. eNd in continental basalts from Central Germany.
Also shown are the compositional ﬁelds of MORB, EM1, EM2 and
HIMU basalts (ﬁgure and data from Pfa¨nder et al., 2007 and
references therein). Most of the basanite and nephelinite samples
plot within or close to the ﬁeld of HIMU OIBs and tend to lie
slightly below the mantle array. BSE = Bulk silicate Earth (Blic-
hert-Toft and Albare`de, 1997).
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suggestion (Jung and Hoernes, 2000). For the majority of
investigated basanites and nephelinites, however, fractional
crystallisation of maﬁc phases including amphibole and
Ti-bearing minerals is of minor importance in explaining
the observed Nb/Ta as well as Zr/Hf variations and their
correlations with major and other trace elements. Instead,
complexities in the source region of these magmas and
post-melting processes other than simple fractional crystal-
lisation might dominate the observed geochemical patterns.
5.1.2. Eﬀect of crustal assimilation on Nb/Ta
Compared to the continental crust with extremely high
Re/Os and highly radiogenic 187Os/188Os (crustal average
1.7; Asmerom and Walker, 1998) the asthenosphericand (non-metasomatised) lithospheric mantle both have rel-
atively low time-integrated Re/Os and subchondritic (litho-
spheric mantle) to about chondritic (asthenospheric mantle)
187Os/188Os ratios (60.127; Walker et al., 1989; Pearson
et al., 1995a,b). The Os isotope composition of astheno-
spheric melts, even if derived from mantle plumes that con-
tain recycled crust having elevated 187Os/188Os, will thus be
relatively low (up to 0.16; e.g. Reisberg et al., 1993) if
compared to the continental crust. Interaction of such
low Os melts with the (oceanic) lithosphere having high
Os concentrations but subchondritic 187Os/188Os may fur-
ther lower 187Os/188Os in such melts and may produce an
overall larger variation in 187Os/188Os (e.g. Widom et al.,
1999; Class et al., 2009). The same eﬀect is expected if
asthenospheric melts interact with the aged continental
lithospheric mantle that is likely also subchondritic in
187Os/188Os (Walker et al., 1989; Ellam et al., 1992; Pearson
et al., 1995b; Shirey and Walker, 1998). For the SCLM be-
neath Central Germany, a range of 187Os/188Os between
0.124 and 0.142 in xenoliths has been documented (Schmidt
and Snow, 2002), most likely reﬂecting low initial
187Os/188Os overprinted by radiogenic ingrowth caused by
late-stage metasomatic Re addition. In contrast to astheno-
sphere melt–lithosphere interaction and despite the extre-
mely low Os concentration in the continental crust,
assimilation of continental crustal material with its extre-
mely radiogenic Os may signiﬁcantly increase 187Os/188Os
(>0.16) in asthenospheric and lithospheric melts. Radio-
genic Os in continental basalts from Germany and from
elsewhere has therefore been interpreted as the result of
crustal contamination (Hegau volcanic ﬁeld: Blusztajn
and Hegner, 2002; Rho¨n: Jung et al., 2005; Vogelsberg
basanites and nephelinites and particularly Vogelsberg tho-
leiites: Jung et al., 2011; see also Fig. 7; other locations
worldwide: Ellam et al., 1992; Hart et al., 1997; Chesley
and Ruiz, 1998; McBride et al., 2001).
Basanites and nephelinites have the largest variation in
Nb/Ta at restricted and relatively low 187Os/188Os ranging
from 0.126 to 0.194 with the lowest values similar to the
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Fig. 7. Nb/Ta vs. initial 187Os/188Os in continental basalts.
Samples with lower Nb/Ta tend to have higher initial 187Os/188Os
ratios (except tholeiites from the Vogelsberg). Assimilation of
continental crust strongly increases 187Os/188Os without a resolv-
able change in Nb/Ta, whereas carbonatite assimilation enlarges
Nb/Ta without a signiﬁcant change in 187Os/188Os. Light grey ﬁeld:
range of initial 187Os/188Os in primary melilitites from the Urach
and Hegau volcanic ﬁelds in Southern Germany (data from
Blusztajn and Hegner, 2002); dark grey ﬁeld: range of 187Os/188Os
in xenoliths from the Eifel and Vogelsberg regions (data from
Schmidt and Snow, 2002). For both groups of samples, Nb/Ta are
not available. Black star: Inferred composition of primary magmas
(before assimilation). 187Os/188Os in continental crust 1.7 (Asm-
erom and Walker, 1998), Nb/Ta 12–13 (Barth et al., 2000). Os
isotope data from Jung et al. (2005) and Jung et al. (2011).
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Fig. 7). Furthermore, the highest Nb/Ta tend to be related
to the least radiogenic 187Os/188Os. This indicates that the
primary magmas, either from asthenospheric or lithospheric
sources, already shared highly variable Nb/Ta before they
reached the continental crust which has radiogenic
187Os/188Os (and low Nb/Ta: 12–13; Barth et al., 2000;
Rudnick and Gao, 2003; Willbold et al., 2009). In other
words, elevated and variable Nb/Ta in continental basalts
at low 187Os/188Os are a source feature and not related to
crustal assimilation.
Besides the low 187Os/188Os samples, some of the alka-
line rocks have radiogenic 187Os/188Os at relatively low
Nb/Ta (Fig. 7). As suggested previously, some of the volca-
nic rocks of the Rho¨n and Vogelsberg areas have assimi-
lated crustal material (Jung and Masberg, 1998; Jung and
Hoernes, 2000; Bogaard and Wo¨rner, 2003; Jung et al.,
2005). Particularly the Vogelsberg tholeiites underwent sig-
niﬁcant lower crustal contamination (4–8%), expressed in
moderately radiogenic Sr at unradiogenic Nd isotope com-
positions (Jung and Masberg, 1998; Bogaard and Wo¨rner,
2003), unradiogenic Hf isotope compositions relative to
the alkaline rocks (eHf down to +2.6; this study; Fig. 5b),
elevated Zr/Nb (Jung and Masberg, 1998, and Fig. 4) and
extremely radiogenic 187Os/188Os (up to 0.75; Jung
et al., 2011). In contrast, their Nb/Ta are fairly constant
(16.3–17.9) and the non-existing decrease in Nb/Ta with
increasing 187Os/188Os indicates that the assimilation of
crustal material has a negligible eﬀect on Nb/Ta in the tho-
leiites. This is likely due to the relatively low Nb and Taconcentrations in the continental crust (8 ppm and
0.7 ppm in bulk continental crust, respectively; Barth
et al., 2000; Rudnick and Gao, 2003). As the Nb and Ta
concentrations in the basanites and nephelinites are mark-
edly higher than in the tholeiites, and as these rocks assim-
ilated, if at all, less crustal material than the tholeiites, the
low Nb/Ta in some alkaline basalts can not be caused by
crustal assimilation even for samples having high
187Os/188Os. It is more likely that the Nb/Ta–187Os/188Os
relationship in the alkaline basalts indicates the presence
of diﬀerent source components with diﬀering 187Os/188Os
and Nb/Ta, and a multi-stage process during magma gene-
sis. Asthenospheric melts with OIB-like Nb/Ta (15–16)
could attain elevated Nb/Ta during assimilation processes
within the lithospheric mantle, where metasomatised do-
mains with unradiogenic Os but high Nb/Ta may exist.
Such domains could be carbonatite-rich veins, as has been
suggested previously on the basis of Pb–Hf–Os isotope
compositions of continental basalts from this region (Jung
et al., 2011). Pyroxene- and amphibole/mica-rich veins
and layers from former melt injections are also a constitu-
ent of the lithospheric mantle and in contrast they may have
radiogenic Os isotope compositions (Carlson and Nowell,
2001). Preferred melting of such veins due to a lower solidus
than the ambient lithosphere, and mixing of these melts
with the ascending high-Nb/Ta melts may then produce ele-
vated 187Os/188Os during a second-stage process, possibly at
shallower levels in the lithosphere. Subsequent crustal
assimilation may further increase 187Os/188Os, but will have
a negligible eﬀect on Nb/Ta.
5.2. Source constraints from melting calculations
Previous studies have proposed that at least two distinct
mantle sources, an asthenospheric and a lithospheric man-
tle component are required to explain the petrological and
geochemical characteristics of the alkaline volcanism in
Central Europe (e.g., Wilson and Downes, 1992; Jung
et al., 2006; Lustrino and Wilson, 2007). A similar conclu-
sion was made by Jung et al. (2006) for samples from the
Eifel region. Based on trace element, Nd–Sr and O isotope
systematics, Jung and Hoernes (2000) suggested that the
Rho¨n volcanic rocks were also mostly derived from two dis-
tinct sources, a plume related asthenospheric source with
FOZO-like trace element and isotope signatures (FOZO,
see Stracke et al., 2005) and a lithospheric mantle source.
Using the high-precision trace element data of this study al-
lows to test these hypotheses.
The eﬀects of melting asthenospheric garnet- and spinel
peridotite as well as eclogite bearing mantle sources on the
HFSE budget of silicate melts have previously been dis-
cussed by Pfa¨nder et al. (2007). It was shown that OIB sam-
ple suites from individual ocean islands form positive linear
melting trends in plots of Nb/Ta vs. Nb concentration. The
diﬀerent slopes of these correlations reﬂect slightly diﬀerent
bulk-DNb/Ta of the mantle sources and the absence of crys-
tal fractionation and assimilation processes that may aﬀect
the HFSE budget of OIBs (Pfa¨nder et al., 2007). In con-
trast, no correlations between Nb/Ta and Nb concentra-
tions are observed in the continental basalts, suggesting
A possible high Nb/Ta reservoir in the continental lithospheric mantle 241more heterogeneous source compositions or more compli-
cated melt generation processes involving diﬀerent sources.
Variations in Nb/Lu, La/Yb and Nb concentrations in
primitive mantle melts are strongly inﬂuenced by the degree
of partial melting (Fig. 8). Therefore, at a given source com-5.0
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Fig. 8. Nb/Lu vs. Nb concentration and La/Yb vs. Nb/La in
continental basalts along with calculated melt compositions derived
from asthenospheric spinel- and garnet-peridotite sources (‘sp’ and
‘gt’, respectively) with a primitive mantle starting composition
(Hofmann, 1988). Also shown are melting lines calculated from the
modal and trace-element composition of refractory spinel-perido-
tite xenoliths from the Hessian Depression (data from Hartmann
and Wedepohl, 1990: H-group = highly enriched, L-group = mod-
erately enriched in highly-incompatible trace elements relative to
PRIMA, see text and Electronic Annex for details). These xenoliths
have been taken as being representative for the composition of the
lithospheric mantle beneath Central Germany. (a) Continental
basalts are mixtures between melts derived from a refractory
lithospheric, but secondary enriched spinel peridotite and a more
fertile asthenospheric garnet peridotite. Vogelsberg tholeiites have
lower Nb concentrations and Nb/Lu and La/Yb due to higher
degrees of melting and a diﬀerent source composition. (b) Elevated
Nb/La in all continental basalts can also be explained by addition
of asthenospheric melts derived from spinel or garnet peridotite
sources with high Nb/La to partial melts from lithospheric sources.
Grey ﬁeld: Range of melt compositions that result from partial
melting of the lithospheric mantle (calculated from spinel peridotite
xenolith compositions as given by Hartmann and Wedepohl (1990);
numbers denote degrees of melting in percent). La and Yb
concentrations from Jung and Masberg (1998), Jung and Hoernes
(2000) and Jung et al. (2006) (see Electronic Annex).position, these ratios allow to infer the degree of melting in-
volved during magma genesis. In comparison, Nb and La
are similarly incompatible elements and thus Nb/La are less
inﬂuenced by partial melting than Nb/Lu at melting degrees
that exceed 1%, and more closely mirror the chemical and
mineralogical composition of their source.
High GdN/YbN (2.3–4.8, except one with 7.0) in the con-
tinental basalts indicate that garnet was a residual phase
during melt formation. As is evident from Fig. 8a, calcu-
lated melt compositions assuming a primitive mantle-like
starting composition (Hofmann, 1988; see Appendix A
for details on melting calculations) require at least 3–4%
modal garnet in an asthenospheric source and low melt-
ing-degrees (<2%) to produce Nb/Lu in the observed range,
but in this case strongly underestimate the Nb concentra-
tions as well as La/Yb in the samples (Fig. 8, lines termed
‘gt’). Assuming an asthenospheric spinel peridotite source
with the same starting composition (lines ‘sp’ in Fig. 8),
the Nb concentrations and Nb/Lu are markedly lower in
the calculated melts than in the samples (Fig. 8a), as are
the La/Yb ratios (Fig. 8b; except for the Vogelsberg tholei-
ites, for which the compositions are well matched in both
plots). Therefore, melting primitive-mantle like astheno-
spheric spinel or garnet peridotite sources cannot explain
the observed trace element signatures in basanites and nep-
helinites (Fig. 8). In contrast, melts calculated from the
averaged modal composition and trace element abundances
of xenoliths from the Hessian Depression (Hartmann and
Wedepohl, 1990; see Appendix A and Electronic Annex)
yield markedly higher Nb concentrations and La/Yb at
similar Nb/Lu (lines termed ‘L-group’ and ‘H-group’ in
Fig. 8, grey ﬁeld in Fig. 8b). These xenoliths are spinel per-
idotites found in alkali basalts and nephelinites from the
Hessian Depression, northeast of the Vogelsberg, and are
thought to represent samples from the subcontinental litho-
spheric mantle (SCLM). They are predominantly clinopy-
roxene-poor, refractory harzburgites and minor lherzolites
that have undergone previous melting, but were re-enriched
by metasomatic alteration. Hartmann and Wedepohl (1990)
distinguished L-group (low), I-group (intermediate) and H-
group (high) xenoliths with diﬀerent degrees of secondary
enrichment in highly incompatible trace elements (see
enrichment factors in the Electronic Annex). A striking fea-
ture of these xenoliths is, that partial melting of them leads
to a stronger fractionation of La/Yb and Nb/Lu with over-
all higher values than melting of asthenospheric spinel- and
even garnet peridotite sources (Fig. 8). The reason for this is
the refractory mineralogy, but in particular the secondary
enrichment process that produced very high Nb/Lu and
La/Yb in these xenoliths. A combination of these high
source ratios with the refractory mineralogy and low melt-
ing degrees produces the observed variations and suggests
that partial melting of metasomatically re-enriched spinel-
bearing lithospheric mantle, sampled by the xenoliths,
played a pivotal role during the petrogenesis of these lavas.
In contrast to Nb/Lu and La/Yb, Nb/La in melts
calculated from the spinel-bearing xenoliths do not match
the observed compositions and are signiﬁcantly lower
(Fig. 8b). As DNb/La in clinopyroxene is less than 0.5
(see Electronic Annex), a higher modal abundance of
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calculated melts, and may account for some variation in
the data. It appears more likely, however, that the elevated
Nb/La in the continental basalts reﬂect mixing between two
melts from two diﬀerent sources. A low-degree (<3%)
asthenospheric melt derived from a clinopyroxene-rich gar-
net peridotite (‘gt’ in Fig. 8b) and a lithospheric melt from a
refertilized clinopyroxene-poor spinel-bearing refractory
harzburgite as represented by the xenoliths (‘H-group’ in
Fig. 8b). This interpretation is in very good agreement with
the Nb/Lu vs. Nb data where all samples plot between the
melting lines of asthenospheric and lithospheric sources
(Fig. 8a, dashed lines). In particular the alkaline lavas from
the Eifel form a well deﬁned linear trend in both, Nb/Lu vs.
Nb as well as La/Yb vs. Nb/La space (Fig. 8), which can be
explained as a mixing relationship. This implies that the
lithospheric mantle endmember involved during melting is
similar to the H-group xenolith composition of Hartmann
and Wedepohl (1990). Notably, samples having the highest
contribution from the lithospheric source tend to have the
highest Nb concentrations and Nb/Ta ratios, underlining
that elevated Nb/Ta are a feature of the subcontinental
lithospheric mantle. About 3–4% partial melting of the
lithospheric source and about 2–5% partial melting of the
asthenospheric source and subsequent magma mixing is re-
quired to produce the compositional variation observed in
lavas from the Eifel region. Lower degrees of melting and
a greater contribution of the asthenospheric melt are re-
quired to explain the Vogelsberg alkaline lavas and some
of the Rho¨n lavas. The composition of the Vogelsberg tho-
leiites requires the highest contribution of asthenospheric
melts (>90%). This is compatible with the inferred depleted
mantle source for the tholeiites as suggested by Bogaard
and Wo¨rner (2003), although estimated melting degrees
are lower than previously suggested (5–7%, Jung and Mas-
berg, 1998; 5–15%, Bogaard and Wo¨rner, 2003). Bogaard
and Wo¨rner (2003) postulated the involvement of three dis-
tinct sources during the evolution of the Vogelsberg lavas
(an enriched plume-like source, a depleted source, and a
metasomatised lithospheric mantle source). The trace ele-
ment systematics presented here conﬁrm these ﬁndings
and indicate an asthenospheric primitive mantle source
and a re-enriched lithospheric mantle source for the alka-
line lavas and a predominantly asthenospheric depleted to
primitive mantle source for the tholeiites.
5.3. Carbonatite metasomatism
5.3.1. Evidence for a carbonatite signature in continental
basalts
Metasomatism of the lithospheric mantle can account
for a replenishment in highly incompatible trace elements
(McKenzie, 1989; Rudnick et al., 1993; Wilson et al.,
1995; Bodinier et al., 1996; Bedini et al., 1997; Beccaluva
et al., 2001; Downes, 2001; Witt-Eickschen, 2007; Tappe
et al., 2008; Pilet et al., 2008). The overall chemical and iso-
topic enrichment pattern depends on the nature of the
metasomatising liquid, which may be a hydrous ﬂuid, a
low-degree silica-undersaturated or a carbonatitic melt.
Pervasive metasomatism within the SCLM is widespreadbeneath Central Europe and produced phlogopite and
amphibole bearing spinel peridotites, amphibolite veins,
phlogopite bearing wehrlites and clinopyroxenites (Stosch
and Seck, 1980; Stosch and Lugmair, 1986; Hartmann
and Wedepohl, 1990; Zinngrebe and Foley, 1995; Downes,
2001; Witt-Eickschen, 2007; Jung et al., 2011). Carbonatite
metasomatism has also been described to take place in the
continental and oceanic lithosphere (Yaxley et al., 1991;
Dupuy et al., 1992; Hauri et al., 1993; Ionov et al., 1993;
Rudnick et al., 1993; Schiano et al., 1994; Hoernle et al.,
2002; Jorgensen and Holm, 2002; Rabinowicz et al., 2002;
Dasgupta et al., 2004; Moine et al., 2004; van Achterbergh
et al., 2004; Tappe et al., 2008; Rosenthal et al., 2009; Dou-
celance et al., 2010), and experimental results indicate that
carbonate phases (calcite, dolomite, magnesite) coexist with
amphibole, phlogopite, spinel and garnet under subsolidus
conditions in peridotite assemblages in the pressure range
from 10 kbar to more than 40 kbar (Brey et al., 1983;
Olafsson and Eggler, 1983). Evidence for carbonatite meta-
somatism in the European lithospheric mantle, particularly
beneath Central Germany, comes from xenoliths, the
occurrence of carbonatite rocks in the Kaiserstuhl region,
Southwestern Germany (Keller, 1981), and from the occur-
rence of carbonatite fragments in tuﬀs from the Laacher See
region of the West Eifel (Lloyd and Bailey, 1969). Com-
pared to other SCLM xenoliths in Central and Western
Europe, mantle xenoliths from the Northern Hessian
Depression have some of the lowest and most consistently
subchondritic Ti/Eu at low Ti concentrations (Hartmann
and Wedepohl, 1990; Downes, 2001). This is regarded as
evidence for carbonatite metasomatism as partial melting
will have an only limited eﬀect on Ti/Eu in mantle xeno-
liths. Carbonatite metasomatism will cause a strong shift
in this ratio due to extremely low Ti/Eu in carbonatites
(Yaxley et al., 1998; Downes, 2001).
Elevated Nb/Ta if compared to OIBs (and MORB) are a
speciﬁc feature observed in continental basalts (but also
some HIMU OIBs) and correlate with very low Zr/Nb
(Fig. 4) and high Nb concentrations (Fig. 8a). These char-
acteristics indicate a slight Nb excess with respect to other
HFSE in basaltic rocks from continental settings. Melting
of a lithospheric mantle source metasomatised by low-de-
gree silicate melts can principally explain these features
(Fig. 4, dashed line), but will produce melting lines where
decreasing Nb/Ta are correlated with increasing Lu/Hf.
This is in marked contrast to the observed trends, where
a positive co-variation between Nb/Ta and Lu/Hf is evident
for primitive samples from all locations (except Vogelsberg
tholeiites; Fig. 5a). Particularly in the basanites and nephe-
linites from the Vogelsberg, Nb/Ta and Lu/Hf are well cor-
related and this suggests that the variation in these ratios is
controlled by two-component mixing (or assimilation; see
calculated mixing line in Fig. 5a). The composition of two
nephelinites from the Vogelsberg with the lowest Nb/Ta
and Lu/Hf (VB28 and VB31; 15.2 and 15.0, and 0.037
and 0.035, respectively) is very close to the composition
of many mantle derived magmas, particularly OIBs that
have Nb/Ta 15–16 and Lu/Hf 0.03–0.05 (Pfa¨nder
et al., 2007). Assuming that these samples (VB28 and
VB31) represent the least modiﬁed near-primary melts,
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Fig. 9. Zr/Sm vs. Zr concentration in continental basalts compared
to OIBs. Predominantly subchondritic Zr/Sm in continental basalts
contrast those observed in OIBs and most likely result from
carbonatite assimilation in the subcontinental lithospheric mantle,
or from the remelting of a carbonated lithospheric mantle source.
Chondritic ratio from Sun and McDonough (1989), OIB data from
Willbold and Stracke (2006).
A possible high Nb/Ta reservoir in the continental lithospheric mantle 243the assimilated component is required to have high Nb/Ta
(>20) and high Lu/Hf (>0.1). Such a feature is observed in
carbonatites (Hoernle et al., 2002; Bizimis et al., 2003; Cha-
khmouradian, 2006; see also Electronic Annex), which have
been previously suggested to play a role during the genesis
of the alkaline lavas from this location (Jung et al., 2011).
Owing to the extreme depletion in Ti, Zr and Hf relative
to HREE but only moderate depletion in Nb and Ta rela-
tive to LREE, carbonatites combine high Lu/Hf with high
Zr/Hf and high Nb/Ta but extremely low Zr/Nb (Rudnick
et al., 1993; Hoernle et al., 2002; Bizimis et al., 2003; see
also Electronic Annex). Carbonatite assimilation, or
remelting of a carbonated mantle source, is therefore a via-
ble process to explain high Nb/Ta and low Zr/Nb (Fig. 4)
coupled to slightly elevated Zr/Hf and, most importantly,
elevated Lu/Hf in alkaline lavas (Figs. 2 and 5a; note that
in the following we solely consider assimilation, but remelt-
ing of a carbonated peridotite source will yield similar re-
sults). During ascent, migration of such alkaline melts in
the relatively cold lithospheric mantle will be predomi-
nantly along pre-existing structures and networks, where
metasomatic phases such as carbonatites with superchon-
dritic Nb/Ta are likely to be present from former melting
or melt inﬁltration events. In particular low-volume car-
bonatite liquids with their restricted heat content (McKen-
zie, 1989) may be concentrated along such zones, from
where they can be assimilated by later stage alkaline melts.
As elevated Nb/Ta are also observed in lavas from the East
African Rift system (Furman and Graham, 1999), where
carbonatite occurrences are widespread (e.g. Rosenthal
et al., 2009), such a process may be of general importance
in continental- and rift-related settings. In contrast to Nb/
Ta and Lu/Hf, the eﬀect of carbonatite assimilation on
Zr/Hf is less pronounced owing to the fact that the Zr
and Hf concentrations in carbonatites are in the order of
those in continental basalts and OIBs, whereas the Nb
and Ta concentrations tend to be much higher. This is con-
sistent with the observation that the Zr/Hf ratios in conti-
nental basalts overlap those of OIBs, whereas Nb/Ta
ratios are systematically higher (Fig. 2). Although there is
an extreme variation of HFSE concentrations in carbona-
tites from diﬀerent settings (see compilation in Chakhmou-
radian, 2006 and Electronic Annex), calculations using
averaged concentration estimates conﬁrm that Nb/Ta is
more readily aﬀected by carbonatite assimilation than Zr/
Hf. For example, taking the average carbonatite composi-
tion of Bizimis et al. (2003), addition of 5% carbonatite
shifts the Zr/Hf in a sample (e.g. the Vogelsberg basanite
VB31) from 38.3 to 38.7, but increases the Nb/Ta drasti-
cally from 15.1 to 18.8. These variations are in good agree-
ment with the data shown in Fig. 2. Using the average
carbonatite compositions of Hoernle et al. (2002) yields
similar results, although the shift in Nb/Ta is less dramatic
owing to the lower Nb concentrations and higher Zr/Nb in
these carbonatites. Carbonatites also have very low Zr/Sm
(Bizimis et al., 2003). Therefore, carbonatite assimilation
during the evolution of the alkaline lavas described here
is also evident from the subchondritic Zr/Sm ratios
(<25.3; Sun and McDonough, 1989) that correlate to high
Lu/Hf within nearly all samples from the Eifel andVogelsberg regions, and which are in marked contrast to
predominantly superchondritic Zr/Sm in OIBs (Fig. 9).
5.3.2. Age of carbonatite metasomatism
Similar to Lu/Hf, initial eHf values in the Vogelsberg and
Eifel alkaline rocks are positively correlated with Nb/Ta
(Fig. 5b). As carbonatite rich domains in the SCLM with
high Lu/Hf will produce elevated 176Hf/177Hf ratios over
time (e.g. Tappe et al., 2007; Prelevic et al., 2010), the varia-
tions in 176Hf/177Hf suggest that carbonatite metasomatism
in the SCLM occurred long before assimilation and magma
eruption. Assuming that the correlations between Nb/Ta
vs. Lu/Hf (Fig. 5a) and eHf (Fig. 5b) in Vogelsberg basanites
and nephelinites predominantly reﬂect carbonatite assimila-
tion, the variations in 176Hf/177Hf permit the calculation of
the time interval between carbonatite metasomatism and
subsequent assimilation or remelting of these carbonatites
by rising alkaline melts (i.e. the average storage or life time
for carbonatite veins or patches in the SCLM). This was done
by calculating the time required to generate a suﬃciently high
176Hf/177Hf ratio in carbonatite patches or veins in the litho-
spheric mantle (at a given Lu/Hf and assuming a primitive
mantle starting composition) such that subsequent assimila-
tion of a deﬁned portion of these carbonatites by uprising
melts can account for the Hf isotope variation observed in
the Vogelsberg basanites and nephelinites (as deﬁned by
the maximum diﬀerence in 176Hf/177Hf in the Vogelsberg
samples, i.e. between sample VB20 [eHf = 7.4, Hf = 4.6 ppm]
and sample VB28 [eHf = 5.0, Hf = 5.0 ppm] where the latter
is assumed to represent the least contaminated melt; see
Appendix A and Electronic Annex for details). Clearly, this
approach results in aminimum age of carbonatite metasoma-
tism, as the real spread in 176Hf/177Hf in the Vogelsberg lavas
is likely larger than observed in the restricted number of sam-
ples investigated here. The calculated metasomatism model
age is shown in Fig. 10 as a function of the Lu/Hf in the
assimilated carbonatite (assuming a Hf concentration of
1 ppm) and the degree of carbonatite assimilation by rising
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Fig. 10. Model age of carbonatite metasomatism calculated as a
function of the Lu/Hf ratio in the metasomatising carbonatite and
for diﬀerent degrees of carbonatite assimilation by basanitic and
nephelinitic melts. Calculations are based on Hf concentrations,
Lu/Hf and 176Hf/177Hf data of basanites and nephelinites from the
Vogelsberg and assume that the variation of 176Hf/177Hf in
Vogelsberg lavas results from diﬀerent degrees of assimilated
carbonatite with high Lu/Hf and radiogenic 176Hf/177Hf (see text
and Appendix A for details). The older the metasomatising event
(i.e. the longer the time interval between metasomatism and
subsequent assimilation), and the higher the Lu/Hf in the meta-
somatising carbonatite, the less carbonatite assimilation by rising
basanitic and nephelinitic melts is required to produce the observed
shift in 176Hf/177Hf ratios in the Vogelsberg basanites and
nephelinites. Even assuming relatively high degrees of assimilation
(>5%) and fairly high Lu/Hf in carbonatites (>5) require that
metasomatism occurred several hundred Ma prior to assimilation
(numbers on curves denote degree of assimilation, assumed
concentration of Hf in the carbonatite = 1 ppm). Also shown is
the age of the Hercynian orogeny, during which the European
lithospheric mantle was metasomatically overprinted. Average
carbonatite Lu/Hf and standard deviation calculated from data
given by Hoernle et al. (2002) and Bizimis et al. (2003).
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the Vogelsberg samples is relatively small (2.5 eHf units),
the time span between carbonatite metasomatism and assim-
ilation/remelting must exceed several 100 Ma, even if rela-
tively high Lu/Hf and high assimilation rates are assumed
(Fig. 10). The reason for this is the comparatively lowHf con-
centration in carbonatites. Even by assuming a carbonatite
Hf concentration of 2–3 ppm, which is at the upper limit
of the published range for oceanic and continental carbona-
tites (Hoernle et al., 2002; Bizimis et al., 2003; see Electronic
Annex), calculated model ages exceed 100 Ma. A shorter
time span between metasomatism and assimilation/remelt-
ing of carbonatites would require both higher Lu/Hf ratios
and unrealistically high Lu and Hf concentrations at assimi-
lation rates greater than 5%. Carbonatite metasomatism of
parts of the lithosphere beneath Central Germany is there-
fore assumed to have occurred long before the onset of Ceno-
zoic magmatism.
5.4. Nb/Ta in the subcontinental lithosphere and
consequences for the global Nb budget
Overall subchondritic Nb/Ta in most accessible terres-
trial silicate reservoirs (i.e. mantle and crust; Barth et al.,2000; Rudnick et al., 2000; Mu¨nker et al., 2003; Weyer
et al., 2003; Mu¨nker et al., 2004; Pfa¨nder et al., 2007; Ko¨nig
et al., 2008; Liu et al., 2008; Goss and Kay, 2009) lead to
the suggestion, that the silicate Earth is missing some of
its Nb. This “missing Nb”may be stored in the Earth’s core
or within a so far unsampled (“hidden”) reservoir in the
mantle. The core model is supported by experimental evi-
dence, claiming a more siderophile behaviour of Nb com-
pared to Ta during core formation (Wade and Wood,
2001; Jochum et al., 2002; Mann et al., 2009), and by a sys-
tematic variation of Nb/Ta between the silicate portions of
Earth, Mars, Moon and asteroids (Mu¨nker et al., 2003).
The claim for a hidden mantle reservoir with high Nb/Ta
such as deeply subducted eclogitic or enriched Hadean crust
is based on rutile analyses, Nb/Ta estimates for the conti-
nental crust, and analyses of Proterozoic anorthosites
(Barth et al., 2000; Kamber and Collerson, 2000; Rudnick
et al., 2000; Nebel et al., 2010). High-precision analyses of
HFSE in orogenic eclogites have shown, however, that
many of these plot on or slightly above the silicate diﬀeren-
tiation line in terms of Nb/Ta vs. Zr/Hf, intersecting the
chondritic Zr/Hf (34.3 ± 0.3; Mu¨nker et al., 2003) at sub-
chondritic Nb/Ta (John et al., 2004; Schmidt et al., 2009).
This indicates a Nb deﬁcit in subduction related eclogites
and is consistent with the observation that OIBs tapping
recycled oceanic crust have also subchondritic Nb/Ta
(14–16; Fig. 2; Pfa¨nder et al., 2007). Unlike orogenic
eclogites, whose Nb–Ta systematics are comparable to
modern MORB (Nb/Ta 13–16; Bu¨chl et al., 2002;
Fig. 2), eclogite xenoliths from cratonic settings tend to
be diﬀerent in their HFSE budget (e.g. Rudnick et al.,
2000; Aulbach et al., 2008).
The role of the subcontinental lithosphere in balancing
the global Nb budget has been considered previously (Kal-
foun et al., 2002; Aulbach et al., 2008). Aulbach et al.
(2008) have proposed that ancient (>2.9 Ga) metasomatism
led to a slight enrichment of Nb over Ta in some portions of
the SCLM, reﬂected by superchondritic Nb/Ta in rutiles
with unradiogenic 176Hf/177Hf ratios. Along with the data
presented here (elevated Nb/Ta relative to Zr/Hf and low
Zr/Nb as well as on average elevated Nb and Ta contents
in continental basalts if compared to OIBs) and in agree-
ment with the inferred superchondritic Nb/La of the conti-
nental lithospheric mantle (McDonough, 1991) this
provides evidence that the SCLM may host some of the
Earth’s “missing Nb”, most likely selectively added by
metasomatic processes (note that some additional portions
of the “missing Nb” may be stored in the oceanic litho-
spheric mantle; see Doucelance et al., 2010). Although the
contribution of diﬀerent metasomatic agents (ﬂuids or low
degree melts with carbonatitic to silicic compositions) in
the Nb enrichment of the lithospheric mantle is diﬃcult
to assess, Nb and Ta are eﬃciently transported by carbon-
atitic melts. These can have extremely high concentrations
of Nb and Ta (up to 10,000-times chondritic) that are an or-
der of magnitude higher than those of other incompatible
trace elements (Hoernle et al., 2002; Bizimis et al., 2003;
Chakhmouradian, 2006), in agreement with their highly
incompatible behaviour between mantle phases and car-
bonatitic liquids (Dasgupta et al., 2009). Potential Nb stor-
Fig. 11. Sketch illustrating the most important parameters used in
modelling the Nb inventory of the subcontinental lithospheric
mantle and the potential of the lithospheric mantle to host the
“missing Nb” (details see text, Appendix A and Electronic Annex).
Nb concentration in the oceanic crust calculated from 3.5 ppm in
MORB (Hofmann, 1988) and assuming that the oceanic crust
consists of 50% extrusives (sheeted dikes and basalts represented by
MORB) and of 50% cumulates (i.e. gabbros) having 0.35 ppm Nb
(see above-mentioned references for further information).
A possible high Nb/Ta reservoir in the continental lithospheric mantle 245age in the SCLM is therefore most likely associated to car-
bonatite phases having also superchondritic Nb/Ta. For
example, model calculations indicate that the spread in
Nb/Ta observed in the continental basalts is consistent with
the assimilation of up to 7% of a carbonatite with a super-
chondritic Nb/Ta of 260 and a Nb concentration of
300 ppm (see Fig. 5a and Electronic Annex).
Gaillard et al. (2008) suggested that high electrical con-
ductivities in the asthenospheric mantle could be explained
by assuming the presence of <0.35 vol.% carbonatitic melt.
Their inferred occurrence in the depth range of 70–
200 km agrees with experimental results, in which carbona-
tite melts are the ﬁrst phase on the solidus of CO2-bearing
lherzolite at 3 GPa (Dasgupta et al., 2007; Foley et al.,
2009). Carbonatite liquids in the asthenospheric mantle
may thus be a widespread phenomenon and hence carbon-
atite metasomatism of the overlying lithosphere may play a
much larger role than so far assumed. The lithospheric
mantle, particularly beneath the continents where deep
lithospheric roots may prevent enhanced melting, may
therefore be a geochemical reservoir that underwent signif-
icant carbonatite metasomatism and thus may host a signif-
icant amount of the “missing Nb”. This raises the following
questions: (i) does the lithospheric mantle have a suﬃciently
high volume (mass) to account for “missing Nb” assuming
reasonable degrees of metasomatism, and (ii) if not, which
proportion of the “missing Nb” may be potentially stored
in the lithospheric mantle? To place constraints on these
questions, mass balance calculations have been done as de-
scribed in Appendix A and by using the parameters given in
the Electronic Annex.
The Earth’s core was considered by several authors as
hosting the “missing Nb” on Earth (e.g. Wade and Wood,
2001; Jochum et al., 2002; Mu¨nker et al., 2003). Based on
this assumption, and balancing Nb and Ta between terres-
trial and lunar samples and meteorites, Mu¨nker et al. (2003)
calculated the Nb concentration in the core to be
0.47 ppm. This corresponds to a total mass of
9.12  1020 g, which is thus an estimate for the mass of
the “missing Nb” (see Appendix A and data in the Elec-
tronic Annex) and accounts for 35% of the total Nb
inventory of the Earth (2.61  1021 g, calculated from the
averaged Nb concentration of 0.437 ppm in chondrites
and the mass of the Earth; see Appendix A and Electronic
Annex). This estimate agrees well with the amount of
“missing Nb” calculated from a mass balance considering
the silicate reservoirs of the Earth (continental and oceanic
crust, upper and lower mantle) which yields a total Nb def-
icit of 37% in the accessible (silicate) portion of the Earth
(see also Fig. 11 and data in the Electronic Annex). The lat-
ter estimate, however, is critical to the Nb concentration of
the lower portion of the mantle. It hosts 45% of the Nb
inventory of the bulk Earth if a Nb concentration of
0.4 ppm is assumed for this reservoir (McDonough and
Sun, 1995; Willbold and Stracke, 2006; varying this concen-
tration between 0.2 and 0.6 ppm, the Nb-deﬁcit varies be-
tween 59% and 14%).
Making the very simpliﬁed assumption that the whole
“missing Nb” (9.12  1020 g) is stored in carbonatite com-
ponents in the continental lithospheric mantle, and the car-bonatites having 200–500 ppm Nb (see Electronic Annex),
1.8–4.6% of the SCLM would need to consist of carbon-
atites to host all of the “missing Nb”. Although this amount
in principle seems reasonable if the entire volume of the
continental lithosphere (2.78  1019 m3; Artemieva, 2006)
is considered, it is highly unlikely that carbonatite metaso-
matism can pervasively aﬀect the whole lithospheric mantle
up to the MOHO. Despite the low viscosity of carbonatite
melts, their small volume and limited heat content most
likely will restrict carbonatite metasomatism to deeper re-
gions within the lithosphere, likely to the thermal boundary
layer where such melts rapidly cool and precipitate
(McKenzie, 1989). In Fig. 12a, the portion (volume) of
metasomatised lithosphere that is required to store all the
“missing Nb” on Earth is shown as a function of the Nb
concentration in the metasomatising carbonatite melt and
the degree of metasomatism. It is evident, that if carbona-
tite metasomatism is assumed to be restricted to the lower-
most 10–15% of the lithospheric mantle (grey in Fig. 12a),
either unrealistically high Nb concentrations (>1500 ppm)
or unrealistically high degrees of metasomatism (>5–7%)
are required to store all of the “missing Nb” in the subcon-
tinental lithospheric mantle.
To estimate the percent fraction of the “missing Nb”
that may be potentially stored in the subcontinental litho-
spheric mantle under reasonable conditions, this fraction
was calculated as a function of the Nb concentration in
the metasomatising melt and the degree of metasomatism,
and by assuming that only 10% of the SCLM is aﬀected
by metasomatism. The result is shown in Fig. 12b. Given
that continental carbonatites may contain up to several
thousand ppm of Nb (Bizimis et al., 2003), and taking the
average Nb concentration in carbonatites from Bizimis
et al. (2003) (i.e. 1000 ppm) as an upper limit, the subcon-
05
10
15
20
25
30
35
40
45
50
0 500 1000 1500
Nb in carbonatite [ppm]
cirehpsohtilfo
noitrop
deriuqe
R
lla
erots
ot]
%[
eltna
m
b
N
gnissi
m“
”
3%
5%
10%
20%
0
5
10
15
20
25
30
35
40
45
50
0 500 1000 1500
Nb in carbonatite [ppm]
"b
N
gnissi
m"fo
noitroP
]
%[
erehpsohtil
eht
ni
derots continental
carbonatites
1%
(a)
(b)
degree of
metasomatism
5% metasomatism
3% metasomatism
10% lithospheric
mantle affected by
metasomatism
Fig. 12. (a) Portion of the continental lithospheric mantle that
needs to be aﬀected by metasomatism to account for the whole
global Nb deﬁcit as a function of the Nb concentration in the
metasomatising carbonatitic melt and the degree of metasomatism
(numbers on curves; details see text). (b) Portion of “missing Nb”
that may be stored in the metasomatised lithospheric mantle as a
function of the Nb concentration in the carbonatite and the degree
of metasomatism (numbers on curves). The calculation assumes
that only 10% of the lithospheric mantle are aﬀected by metaso-
matism. Note that up to 30% of the “missing Nb” may be stored in
the lithospheric mantle (details see text). Range of Nb concentra-
tions estimated from data given by Bizimis et al. (2003).
246 J.A. Pfa¨nder et al. /Geochimica et Cosmochimica Acta 77 (2012) 232–251tinental lithospheric mantle may account for up to about
30% of the “missing Nb” on Earth if the degree of metaso-
matism is estimated to be 3% (grey ﬁeld in Fig. 12b).
Thus, the role of the Earth’s core or any other (hidden) res-
ervoir in the mantle in balancing the Nb budget on Earth
may be less important than previously estimated.
In summary, it can be demonstrated here that the sub-
continental lithospheric mantle can probably not host all
of the Earth’s “missing Nb”. Model calculations, however,
indicate that substantial amounts of the “missing Nb” (up
to about one third) may be stored in the continental litho-
spheric mantle, associated with carbonatite-rich phases that
are a result of pervasive metasomatism.
6. CONCLUSIONS
High-precision HFSE and Lu concentration data of
continental basalts from diﬀerent locations in Central Ger-
many are presented in order to assess their potential mantle
sources and magmatic evolution, and to constrain the roleof the subcontinental lithospheric mantle in balancing the
global Nb budget. The data reveal that the HFSE compo-
sition of intraplate volcanic rocks from Central Germany
cannot be explained by simple partial melting of common
spinel or garnet peridotite sources, but require involvement
of metasomatically enriched domains in the subcontinental
lithospheric mantle.
Trace element modelling indicates that the observed geo-
chemical features can be explained by pooling melts from
garnet bearing asthenospheric mantle sources along with
melts from lithospheric mantle sources that have been re-
enriched in highly incompatible trace elements by metaso-
matic overprinting. The lithospheric sources involve amphi-
bole and phlogopite bearing domains. Speciﬁc trace
element characteristics of the alkaline lavas, such as ele-
vated Nb/Ta and Lu/Hf at extremely low Zr/Nb along with
elevated Nb concentrations if compared to OIBs also call
for a role of carbonatite metasomatism that aﬀected the
subcontinental lithospheric mantle beneath Central Ger-
many. Radiogenic ingrowth due to high Lu/Hf in carbona-
tites can account for elevated 176Hf/177Hf in some
continental basalts, and constrains the metasomatic event
to have taken place signiﬁcantly before the onset of alkaline
volcanism.
Model calculations indicate that up to one third of the
Earth’s “missing Nb” can be stored in metasomatic do-
mains in the lithospheric mantle overprinted by carbona-
tites. The role of this geochemical reservoir may thus be
much more important in balancing the global Nb budget
than previously thought.
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APPENDIX A. PARTITION COEFFICIENTS
The selection of appropriate partition coeﬃcients is cru-
cial in trace element modelling of petrogenetic processes. In
particular for highly incompatible trace elements such as
Nb or Ta published mineral-melt partitioning data may
vary an order of magnitude, depending on mineral and melt
composition, pressure, temperature and redox conditions
during the experimental runs. Values used in this study (gi-
ven in blue in the Electronic Annex) are identical to those
used in Pfa¨nder et al. (2007) and are from McDade et al.
(2003) for olivine, orthopyroxene and clinopyroxene (ex-
cept for La in olivine: Kelemen et al., 2003), from Horn
et al. (1994) for spinel, and from van Westrenen et al.
(1999) for pyrope rich garnet (Py84). Partition coeﬃcients
used for amphibole are from Adam and Green (2003) and
those for phlogopite from Green et al. (2000). These data-
sets, in contrast to many others frequently used, provide
values for all HFSE including Ta, and have been deter-
mined under anhydrous conditions at pressures of
A possible high Nb/Ta reservoir in the continental lithospheric mantle 2471.5 GPa for olivine, orthopyroxene and clinopyroxene
(McDade et al., 2003) and 3.0 GPa for garnet (van Westre-
nen et al., 1999; for a detailed discussion and comparison of
diﬀerent sets of partition coeﬃcients with an emphasis on
HFSE see Pfa¨nder et al., 2007).
APPENDIX B. MELTING AND METASOMATISM
CALCULATIONS
Melting of the asthenosphere in the garnet and spinel
stability ﬁeld was calculated as non-modal batch melting
using the equation of Shaw (1970) and the modes and
melting reactions as given in the Electronic Annex. Initial
trace element concentrations used are primitive mantle
values taken from Hofmann (1988; see Electronic Annex)
where the Nb concentration has been reduced to
0.491 ppm to account for the inferred bulk silicate Earth
Nb deﬁcit. This deﬁcit is expressed by a subchondritic
Nb/Ta of 14 established in the silicate portion of the
Earth after core formation (for details see Mu¨nker
et al., 2003).
Melting of the lithospheric mantle in the spinel stability
ﬁeld was modelled by using the averaged modal composi-
tion and trace element abundances of refractory, ﬂuid-
metasomatised spinel peridotites from the Hessian Depres-
sion (Central Germany) as given by Hartmann and Wed-
epohl (1990; modes and trace element concentrations see
Electronic Annex).
The melting line of the metasomatised refractory spinel
peridotite shown in Fig. 4 was calculated by non-modal
batch melting of a source whose trace element and modal
composition corresponds to the averaged composition of
the L-group peridotite xenoliths (plus 6% amphibole and
3% phlogopite) from the Hessian Depression (Hartmann
and Wedepohl, 1990; see Electronic Annex) to which 1%
of a metasomatic melt was added. The metasomatic melt
has been assumed to be a 0.01% melt fraction produced
by non-modal batch melting from a primitive garnet peri-
dotite source using modes and initial trace element abun-
dances as given by Salters (1996) and Hofmann (1988),
respectively (see Electronic Annex).
APPENDIX C. MODEL AGE OF CARBONATITE
METASOMATISM
Model ages of carbonatite metasomatism in the litho-
spheric mantle were calculated on the basis of the maximum
spread in 176Hf/177Hf in the Vogelsberg samples and by
assuming that this spread is produced by assimilation of
carbonatites having high Lu/Hf and high 176Hf/177Hf due
to radioactive ingrowth over time (for simplicity only
assimilation is considered here, but remelting of a carbona-
tite bearing peridotite source will yield similar results). The
age of metasomatism was then calculated as a function of
the Lu/Hf in the carbonatite (i.e. the metasomatised mantle
domain) as the time span required to produce a suﬃciently
high 176Hf/177Hf in the carbonatite such that the assimila-
tion of a deﬁned portion (2%, 5% and 10% in Fig. 10) of
it shifts the Hf isotope composition of the least radiogenic
sample (VB20) to that of the most radiogenic (VB28) sam-ple. The Hf concentration of the carbonatite was set to
1 ppm and the 176Hf/177Hf ratio at the time of metasoma-
tism was assumed to be that of the primitive mantle (i.e.
the chondritic value at the time of metasomatism; chon-
dritic 176Lu/177Hf today = 0.0332, 176Hf/177Hf = 0.282772
(Blichert-Toft and Albare`de, 1997), Lu–Hf decay con-
stant = 1.865  1011 a1 (Scherer et al., 2001)). This ap-
proach is critical to the Hf concentration and hence the
Lu/Hf in the assumed model carbonatite (for composition
see Electronic Annex). Lower Hf concentrations result in
higher model ages. If reasonable degrees of assimilation
are assumed (<2–3%), relatively high Lu/Hf (>2–3) are re-
quired for the carbonatite or a very old (>1.5 Ga) metaso-
matism event to explain the spread in 176Hf/177Hf in the
Vogelsberg samples.
APPENDIX D. NB BUDGET IN THE LITHOSPHERE
Balancing the Nb inventory of the Earth between dif-
ferent Earth reservoirs and estimating the potential of the
subcontinental lithospheric mantle to host parts of the
Earth’s “missing Nb” was done using the parameters gi-
ven in the Electronic Annex. The Nb inventory of the
bulk Earth was calculated from their mass and the aver-
age Nb concentration in chondrites (excluding CV chon-
drites; Mu¨nker et al., 2003), yielding 2.61  1021 g. The
amount of “missing Nb” was then calculated by two ap-
proaches. First, by assuming that all the “missing Nb” is
stored in the Earth’s core (e.g., Mu¨nker et al., 2003).
Taking the Nb concentration of the core and its mass,
this corresponds to 9.12  1020 g of “missing Nb”, corre-
sponding to 34.9% with respect to the total Nb inventory
of the Earth. In a second approach, Nb was balanced be-
tween the bulk Earth and the Earth’s silicate reservoirs
(continental crust, oceanic crust, depleted MORB mantle
and enriched mantle), which in sum host 1.65  1021 g
Nb, yielding a deﬁcit of 9.60  1020 g (36.8%) with re-
spect to the total Nb inventory of the Earth, in good
agreement to the ﬁrst approach. By assuming diﬀerent
degrees of metasomatism (3%, 5%, 10% and 20% in
Fig. 12a), we then calculated the fraction of the subcon-
tinental lithospheric mantle that needs to be metasoma-
tised to host all of the “missing Nb” as a function of
the Nb concentration in the carbonatite. In a second ap-
proach, the percent fraction of the “missing Nb” that can
be potentially stored in the subcontinental lithospheric
mantle was calculated as a function of the degree of
metasomatism and the Nb concentration in the carbona-
tite, and making the assumption that only 10% of the
(lowermost) subcontinental lithosphere is aﬀected by
metasomatism. Note that the mass of the continental lith-
osphere was calculated from the volume (2.78  1019 m3;
Artemieva, 2006) and the average density of the upper
mantle (3.58 g/cm3; Dziewonski and Anderson, 1981).
APPENDIX E. SUPPLEMENTARY DATA
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.gca.2011.11.017.
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